Synthesis and assembly of photosystems (PS) I and II polypeptides in etiochloroplasts isolated from greening wheat (Triticum aestivum L. cv Norin 61) seedlings were studied. The isolated etiochloroplasts synthesized PSI polypeptides of 66 and 15 kilodaltons, PSII polypeptides of 46 and 42 kilodaltons, and atrazine-binding 34 to 32 kilodalton polypeptide. Their assembly processes in the thylakoid membrane were studied by pulse-chase labeling with I3Slmethionine, mild solubilization of the thylakoid membrane with Triton X-100, sucrose density gradient centrifuption, and polyacrylamide gel electrophoresis. The newly synthesized polypeptides of 66, 46, 42, 34, and 32 kilodaltons were first integrated into the complexes of 7.5, 5.9, 7.5, 6.3, and 7.5 Svedberg units, respectively, in 20 minutes. After the chase with excess amount of methionine for 100 min, they were found in complexes of 9.5, 9.1, 9.1, 9.1, and 9.1 Svedberg units, respectively. In this condition, stained polypeptides of PSI and PSII were found in the complexes of 11.1 and 10.3 Svedberg units, respectively. These results indicated that newly synthesized PSI or PSII polypeptides are integrated into intermediate complexes, but not complete complexes in the isolated etiochloroplasts. The relationship between the processing of the atrazine-binding 32 kilodalton polypeptide and its assembly into the PSII complex is also discussed.
Most thylakoid membrane proteins are organized into discrete protein complexes, such as PSI complex, PSII complex, lightharvesting Chl a/b-protein complex, and Cyt b/fcomplex. These complexes fall under the dual genetic systems of ctDNA and nDNA.
The PSI reaction center complex of higher plants is composed of at least seven polypeptides (2, 14, 19, 29) and at least three of them are of chloroplast origin (6, 9, 15, 19) . In vivo this core complex associates with the specific antenna Chl-protein com- plex to form the native PSI complex (8, 13, 22) .
The PSII reaction center complex consists of at least five polypeptides (23, 24) including two Chl a-proteins of 40 to 50 kD (3, 23, 24, 28) , atrazine-binding 32 kD polypeptide (24, 25) , D-2 polypeptide (5, 24, 25) , and Cyt b-559 (24, 25) . All these polypeptides are of chloroplast origin and their gene loci were determined on ctDNA of several plants (6, 11, 26) .
Although sites of synthesis of several constituent polypeptides of PSI and PSII were revealed, we have little knowledge about their assembly mechanisms to form these photosystem complexes in the thylakoid membrane. This study focused on the synthesis and assembly of photosystem polypeptides in the isolated etiochloroplasts. ' Present address: Research Center for Molecular Genetics, Hokkaido University, Sapporo 060, Japan.
Integration of newly synthesized polypeptides into PSI or PSII complexes was studied by pulse-chase labeling in a light-driven protein synthesis system using isolated etiochloroplasts from greening wheat seedlings (18) . Thylakoid membrane protein complexes, including not only mature PSI and PSII complexes but all their intermediate ones, were separated by a one-step fractionation method (27) which consisted of mild solubilization of the membrane with Triton X-100 and subsequent sucrose density gradient centrifugation.
The 32 kD PSII polypeptide is characterized by the processing at the carboxyl terminal (7, 12) 27 ). Chloroplasts were isolated from wheat leaves as previously described (17) . Chloroplasts were lysed in 5 mM Tris-HCl buffer (pH 7.5) in an ice bath, centrifuged at 20,000g for 10 min, and washed twice with the same buffer. The washed chloroplast membrane was resuspended in a solution of 100 mM sorbitol and 5 mM EDTA (adjusted to pH 7.5 with NaOH), vigorously shaken, and centrifuged at 10,000g for 10 min. This washing step was repeated once. The pellet was resuspended in unbuffered 100 mM sorbitol, centrifuged at l0,000g for 10 min, then resuspended in glass distilled water to give a 0.6 to 0.8 mg/ml concentration of Chl. Triton X-100 was added to this suspension at the ratio of Triton X-100 to Chl (w/w) of 10 to 1. The suspension plus the detergent was incubated at 20°C with gentle shaking in the dark for 30 min. It was then centrifuged at 40,000g for 30 min at 0°C. After the centrifugation, 5 to 10% of Chl was recovered in the precipitate. Eighty gl of the supernatant were applied to an unbuffered sucrose density gradient (80 ,ul each of 2.0, 1.0, 0.8, 0.6, 0.4, and 0.2 M) containing 0.05% of Triton X-100 in Hitachi RPS-40 rotor at 32500 rpm for 15 h at OC. After the centrifugation, the gradient was fractionated into 19 fractions from top to bottom with a Pipetman (Gilson).
Protein Synthesis in Isolated Etiochloroplasts. Light-driven protein synthesis in isolated etiochloroplasts was carried out as previously described (18, 19) except for the following modifications. The crude etiochloroplasts (18, 19) were resuspended in the isolation medium (0.35 M sorbitol, 2 mm EDTA, 2 mM sodium isoascorbate, and 50 mm Hepes-NaOH [pH 7.6] ) and layered on a gradient of Ludox AM (E.I. du Pont); 10 to 80% LCBF (Ludox AM containing 3% polyethylene glycol 6000, 1% BSA, and 1% Ficoll) (20) made up in the isolation medium. The gradient was centrifuged in Hitachi RPS-25 rotor at 7000 rpm for 30 min at 00C. After the centrifugation, the lower green band was collected and diluted 3-fold with the isolation medium, then centrifuged in Tominaga No. 4 rotor at 3000 rpm in a minimum time. The PAGE and Autoradiography. LDS-PAGE and autoradiography were carried out as previously described (19 Figure 1 . LHCP (peak at fraction 7), PSII (peak at fraction 9), and PSI (peak at fraction 13) complexes are separated from top to bottom on the gradient. plexes varied according to the developmental stages of the chloroplasts. The PSI complex isolated from the etiochloroplasts overlapped with the PSII one on the gradient, as described in the following paragraph.
Sedimentation profiles of marker proteins were quantitatively analyzed with a densitometer, and their S values and mol wt were plotted against their estimated peak positions (Fig. 2 ). There were linear relationships between S values and fraction numbers, and mol wt and fraction numbers, at least in the range from fractions 3 to 10. In the following paragraph, the sizes of the photosystem complexes are presented as S values, which is a better way to show the molecular size in the sucrose gradient than by using mol wt.
The approximate S values ofLHCP and PSII complexes shown in Figure 1 were estimated to be 8.2 S and 11.5 S, respectively, from the relationship shown in Figure 2 . The position of PSI was out of the measurable range.
The PSI fraction was composed of 11 polypeptides as shown in Figure 3 . Polypeptides denoted 1, 5, 6, 7, and 8 corresponded to, respectively, the subunits 1, 2, 3, 4, and 5 of our previous PSI reaction center preparation (19) which had been purified according to Nelson's (16) method. Compared with the previous preparation, the PSI complex obtained here had three additional polypeptides in the range from 21 to 23 kD (asterisk in Figure  3 ) which were probably the constituents of the PSI peripheral antenna complex (10, 13, 22) . Recently, DNA sequence analysis has revealed that the subunit 1 of the PSI complex is composed of two partially homologous polypeptides (10, 26) , but they were not distinguished in this study.
The PSII fraction contained six polypeptides, including polypeptides of 46, 42, 33, 32 kD, and two small polypeptides of 9 to 10 kD (Fig. 3) . The first four polypeptides respectively correspond to a, ,B, ( (possibly D-2 protein) and y (atrazine-binding 32 kD protein, QB protein) subunits according to Satoh (24) , and this composition is ubiquitous in higher plants and green algae (23, 24) . The two small polypeptides are likely to be Cyt b-559 apoprotein (25) and a 9 kD phosphoprotein ofPSII (9, 30) . Since the mol wt of this phosphoprotein deduced from its DNA sequence is smaller than that of apoprotein of Cyt b-559 (26), the 10 (Fig. 4) . In Figure 4, A 5P-lant Physiol. Vol. 84, 1987 Autoradiographic bands in the pulse fraction were generally diffuse (Fig. 4A ), but they became sharper in the chase period (Fig. 4B) . The amount of high mol wt aggregate (indicated by arrows in Fig. 4 Figure 4 , A and B. The 66 kD polypeptide was integrated into CPI (P700 Chl a-protein complex) in isolated wheat etiochloroplasts (data not shown).
The peptide mapping analysis with Staphylococcus aureus V8 protease showed that the radioactive 34 and 32 kD polypeptides in Figure 4 corresponded to the precursor and the processed form of atrazine-binding 32 kD protein (subunit y according to Satoh, QB protein), respectively (J Obokata, unpublished data). This protein was so heavily labeled that we could not detect the synthesis of D-2 protein (6, 11, 24) Figure 2 .
The newly synthesized PSII polypeptides of 46, 42, 34, and 32 kD first appeared in the fractions of 5.9, 7.5, 6.3, and 7.5 S, respectively (Fig. 5, A-D) . After the 100 min chase, all these polypeptides were found in the 9.1 S complexes which were smaller than the preexisting PSII complex of 10.3 S (Fig. SE) .
With regard to the PSI complex, most ofthe newly synthesized 66 kD polypeptide appeared in a complex of 7.5 S in the pulse labeling for 20 min, and in a complex of 9.5 S after the 100 min chase (Fig. 6A) . The distribution of the radioactive 15 kD polypeptide on the sucrose gradient appeared to have two peaks of 5.9 and 9.9 S at first, and of 7.5 and 12.3 S after the chase ( Fig  6C) . On the stained profile, a large part ofthe 66 kD polypeptide was sedimented as a constituent of the 1 1.1 S complex (Fig. 6B) (18) . Wheat plastids isolated in the early phase ofthe greening process have a high protein synthetic activity, but it rapidly falls off in the middle of greening (18) . This led to the use of etiochloroplasts isolated after 24 membrane polypeptide composition was already nearly identical to that of matured chloroplast (17) , but their Chl content was one half to one third of that of matured ones (18) . When chloroplasts isolated after the normal chloroplast development were used for the protein synthesis experiment, auto aphic paMttns of the membrane proteins were so diffuse and smeared that it was not possible to clearly judge the integration of newly synthesized polypeptides into the membrane protein complexes (data not shown). In addition, the 15 k) PSI polypeptide was not synthesized in mature chloroplasts (18, 19) .
In this study, we found differences in the autoradiogphic profile between the pulse and the chase labelin fracions (Fig.  4, A and B) . The in Fig. 4 polypeptide, and subsequently the 42 kD polypeptide is assembled into this complex to form a 7.5 S complex. According to this model, the difference between the distributions of 34 and 32 kD polypeptides on the sucrose gradient may be explained by the occurrence of the processing from 34 to 32 kD during the development of the complex form 5.9 to 7.5 S.
This model is based on the assumption that these PSII polypeptides assemble into a single complex in succession, but we cannot exclude another possibility that these polypeptides assemble into different kinds of intermediate complexes just after their syntheses. In order to examine these possibilities, it is necessary to separate these intermediate complexes with much higher resolution, and to estimate the stoichiometry of the polypeptides in the complexes. In fact, it is not known at present whether the 34 to 32 kD protein in Figure 5 participated in de novo assembly of PSII complex or in the reassembly process concomitant with the turnover (7) of aged 32 kD protein.
PSII polypeptides of 46, 42, and 34 to 32 kD were found in the 9.1 S complex after the 100 min chase (Figs. 5 and 6 ). This result suggests that the formation of a PSII complex requires posttranslational reactions proceeding during the chase period. However, the resultant 9.1 S complex was still smaller than the preexisting PSII complex of 10.3 S. Since all the PSII polypeptides known so far, including the 9 kD phosphoprotein (26) , are of chloroplast origin (6, 1 1) , this discrepancy may be ascribed to pigment molecules rather than polypeptide components. Relationships between these complexes is an important subject to be resolved.
Imperfect assembly was also observed on the PSI polypeptides (Fig. 6 ). This result might be reasonable, considering that the PSI reaction center complex contains cytoplasm-synthesized polypeptides (1 1, 29). Cytoplasm-synthesized subunits might play a key role in the assembly of chloroplast-coded subunits of 66 and 15 kD. As in the case of the PSII complex, further characterization of the intermediate complexes observed here is necessary in order to understand their roles in the formation of the native PSI complex.
The 32 kD PSII polypeptide is known for its processing from 34 to 32 kD (7, 12, 21 ), but we have little knowledge about the meaning ofthis phenomenon. As far as the assembly experiment carried out here is concerned, little difference was observed between the integration of 34 and 32 kD polypeptides into the 9.1 S complex (Fig. 5, C and D) . This result indicates that the processing has no relation to the assembly of the PSII complex proceeding in the isolated etiochloroplasts.
This study concludes that newly synthesized polypeptides of PSI and PSII were integrated into the intermediate complexes in isolated etiochloroplasts of wheat. Further characterization of these polypeptide complexes will give a clue to the biogenesis of photosystem complexes.
